F. Hewitt made valuable theoretical and experimental contributions to different areas of two-phase¯ows. The most well-known of these investigations is the phenomenon of annular two-phase¯ows. The goal of the present paper is to introduce the reader to dryout phenomenon that may occur in some classes of these¯ows. Experiments have been performed to study¯ow regimes and heat transfer in air-water¯ow in an 88 inclined tube, of inner diameter 25 mm, in the range of super®cial liquid velocities U LS = 0.016 to 0.16 m s ± 1 and super®cial gas velocities U GS = 24 to 60 m s ± 1 . The¯ow regimes were investigated by using a high-speed video technique. The thermal pattern on the heated wall and the local heat transfer coef®cients were obtained by using IR technique. Under the conditions studied, in the present experiments, regions of disturbance waves were observed without air-water clusters and with air-water clusters, that occupied signi®cant part of the cross-section area. The analysis of the behavior of the heat transfer coef®cients, together with¯ow visualization, showed that dryout took place at U GS /U LS > 600.
INTRODUCTION
The two-phase¯ow resulting from the mixing of gas and liquid streams is often encountered in a wide range of industrial applications: chemical plants, oil wells and pipelines, evaporators and so on. The modern practice of deviated drilling of oil and gas wells makes annular¯ow in inclined pipes of signi®cant interest. The distribution of liquid over the pipe cross section must be determined, to identify any unwetted parts of the wall requiring protection from corrosion. In the absorber tubes of solar power plants, the annular gas-liquid¯ow can be a predominant¯ow pattern in convective boiling. In horizontal and inclined tubes dryout may occur due to the in¯uence of gravity together with low gas velocities, consequently the¯ow patterns of such two-phase¯ow are of special interest. In the closed annular¯ow pattern, the heat transfer coef®cient is, more or less, uniform on the circumference. In the open annular¯ow regime, there is no liquid ®lm on the upper part of the tube wall. This results in a low heat transfer coef®cient, which may result in dryout and permanent damage to the tube.
Waves on thin ®lms have been the subject of numerous studies. Examples include those of Wallis 1 and Hewitt and Hall-Taylor 2 . The one-dimensional linear stability analysis of gas-liquid¯ow was presented by Lin and Hanratty 3 .
Andritsos and Hanratty
4 investigated the effect of interfacial instabilities in horizontal¯ow which led them to the determination of different types of waves. Waves directly supply the top of the pipe with liquid in case of large amplitude waves and pseudo slugs close to the transition region from intermittent to annular¯ow. Foukano and Ousaka 5 proposed a model based on the pumping action of waves along the sides of the pipe. Smaller waves initialize droplet atomization and lead to droplet deposition at the pipe walls at higher gas and lower liquid super®cial velocities. The equations of continuity and motion of gas and liquid, for direction of mass¯ow, were solved numerically by Barnea and Taitel 6 . The resulting stability criteria for interfacial waves are similar to those of Wallis 1 . A model for stability of wavy¯ow in inclined pipes was presented by Grolman et al. 7 . The main parameter for predicting instability of wavy¯ow in inclined pipes is the average liquid holdup. Flow-pattern maps are presented for selected angles of inclination, but super®cial gas velocity does not exceed U GS = 30 m s ± 1 . The effect of inclination on drop sizes in annular gas liquid¯ow was studied by Azzopardi and Zaidi 8 . Droplet creation was closely associated with the large amplitude waves, which form on the surface of the ®lm.
The¯ow pattern, observed in inclined pipes, is characterized by intermittent appearance of aerated masses of liquid that travel downstream. These aerated masses are separated from one another by a con®guration that contains a slower moving liquid layer. At low gas velocities the waves observed in thin gas-sheared liquid ®lms are nonuniform and periodic. If the gas velocity is increased, while the liquid¯ow rate is held constant, a dramatic change occurs in the nature of the waves. Solitary waves appear and become dominant with essentially nonperiodic waves being present, Jurman et al. 9 In this study the¯ow patterns occurring on the liquid, which is highly sheared by a gas¯ow, are investigated using a high-speed video technique. The hydrodynamic behavior of air-water¯ow in an 88 inclined tube of inner diameter 25 mm is analyzed to get information about physical mechanisms leading to the dryout. circulated from the tank (1) through the loop by means of a pump (2) . The¯ow was upward and liquid¯ow rate was regulated by valve (3) and measured by a¯ow-meter (4). The air was delivered by compressor (5) through receiver (6) and ®lter (7) . The air rate was regulated by valve (8) and measured by an air velocity transducer (9) . After that the air and water were mixed in a mixing chamber (10) . The 10.68m long inclined smooth pipe consists of four parts: the¯ow developing section (11), the section of¯ow visualization (12) , which could be replaced by a heated thermal boundary layer development section (13) (for the experiments to measure the heat transfer coef®cient), the heated test section (14) and the outlet section (15) . The 7.5 m long (300 diameters) developmentsection (11) , and the 1.8 m long outlet section (15) are made of 25 mm inner diameter plastic tube. Figure 2 shows two versions of the main part of the experimental setup. The glass section for visual observation (2) is located between the¯ow developing section and the heated test section (1). The high-speed video camera was used for recording hydrodynamic patterns in the inclined tube. The heated test section for studying heat transfer (180 mm long) (1) was constructed of a 50 mm thick stainless steel foil (6) rolled in the form of the tube with the same inner diameter. The foil stretching and electrical connection was provided by a special arrangement. The heating was achieved by supplying DC power at up to 800 A. In the runs for heat transfer measurements the section for¯ow visualization was replaced by the same diameter plastic tube with heater (5) Figure 2b . The same stainless steel foil serving as a heater of the section (1) was attached to the inner surface of this tube, to obtain the developed thermal regime before the test section (1). The thermal pattern visualization and heat transfer measurements were recorded by an IR radiometer.
Measurement Techniques
The hydrodynamic pattern in the pipe was studied by analyzing the high-speed video images. The method was based on the detection of the edges of¯ow disturbance in a sequence of video frames. This method allows measurement of the water level, velocity and frequency of disturbances. The disturbance motion in the annular¯ow was recorded by high-speed KODAK Motion Analyzer, SR series, with recording rate up to 10,000 frames per second. The illumination was provided by a set of 500 W halogen lamps, mounted on a frame. Pictures were taken with a black background, so that the wave disturbances had a white outline. For each run a sequence of at least 120 s was recorded. In the playback mode, typical¯ow patterns were frozen on the TV monitor and analyzed frame by frame to calculate the average water level, propagation velocity and frequency for each set of the data.
The IR Radiometer was used in the investigation of thermal patterns. It has a typical horizontal and vertical resolution of 256 pixels per line. The radiometer obtained a qualitative thermal pro®le in the line mode, the average temperature in the area mode, and the temperature of a given point in the point mode. The experiments were carried out at a constant heat¯ux. Hetsroni and Rozenblit 10 showed that temperature distortions and phase shift in temperaturē uctuations on the heated wall begin at f = 15±20 s ± 1 . The present study extended to a higher cluster frequency, so our measurements were con®ned to average temperature and qualitative observation of the thermal structure on the heated wall. Average surface temperature was measured with an accuracy of 6 0.1 K. The air-¯ow was measured by a¯owmeter with an accuracy of 2%. The water¯ow rate was measured by a¯owmeter with an accuracy of 2%. Electrical power was determined by means of a digital wattmeter with an accuracy of 1%.
Experimental Procedure

Single-phase tests
A number of veri®cation runs were undertaken prior to the data logging. A series of single-phase air¯ow tests was conducted to establish the validity of the system and test the technique. Preliminary calculations (Hetsroni and Rozenblit 10 ) have shown that the difference between the temperature of the two sides of the thin constantan wall (inside wall temperature and outside wall temperature), was less than 0.1 K. The axial heat conduction for the heated test section was calculated using measurements of wall temperature distribution in the streamwise direction. The heat transfer in the axial direction was less than 0.5% of that in the radial one. Heat balance for the variation of the outside ambient temperature has also been veri®ed by direct measurement. The estimated total heat losses were in the range of 3±4%, depending on the values of the heat¯ux.
The time and space-averaged heat transfer coef®cient in the single-phase air¯ow is de®ned as
where q is the heat¯ux, Å T w is the time-averaged wall temperature, Å T f is the time-averaged mean value of the¯uid temperature. The experimental results agreed well with those calculated (Kays 11 ) for a fully developed turbulent ow in the tube.
Two-phase¯ow
The water and air were mixed in a mixing chamber upstream of the test section. Two-phase tests were conducted at various liquid and air¯owrates. The experiments were repeated to con®rm their reproducibility. The heat transfer and¯ow parameters for each data run were measured under steady-state conditions.
ANALYTICAL CONSIDERATIONS
Before presenting the experimental results, dimensionless parameters used in the analysis are brie¯y discussed. The gas-liquid¯ow system is shown in Figure 3 .
An application of the Buckingham Pi-theorem to the motion of air and water results in the following dimensionless groups:
Sets of alternate groups can be developed, but it is clear that in the analysis we do not use all the dimensionless groups shown above. This method is based on a reasonable guess of the`important' dimensionless groups, whereas the in¯uence of the others is considered less important.
We assume that the surface tension does not change, and that the value of heat transfer coef®cient a av is not affected by the dependence of thermal properties of the¯uids on the temperature. For this reason, all the experiments were carried out when the difference between the wall temperature and the mean temperature of the¯ow in the heated section did not exceed 208 C. In the present study the following non-dimensional parameters were selected:
When these groups are used to normalize the variables, we assume that the surface tension parameter, density, viscosity and inclination angle do not change in the experiment. In general, the term dryout indicates a local continuous contact of the gas phase with the surface. This contains no statement as to the average (either spatial or temporal) value of the surface temperature at which dryout may occur.
Our discussion is limited to the behavior of the heat transfer coef®cient -because it is the averaging value for which the dry-out must be speci®ed. Because microscopic details of this process are rarely needed for engineering problems, the macroscopic nature of the process is usually much more important. The averaging operation effectively eliminates information on local instantaneous¯uctuation. Eulerian averaging is most interest to us in this study, because it involves averaging with time and space, which are the independent variables. In the present study we use time averaged values of the heat transfer coef®cient at the ®xed point located at the angle v from the top of the pipe:
and time and space mean value, of heat transfer coef®cient within the angle 0 ± p: Figure 4 shows an instantaneous side view of air-water ow into the tube, obtained by high-speed video camera. The¯ow is from the right to the left, the distance in the¯ow direction, shown in this image is L = 280 mm, the super®cial gas velocity is U GS = 36 m s ± 1 , the super®cial liquid velocity U LS = 0.045 m s ± 1 . The light large structures on the left and on right side of the image are huge air water clusters, the smooth light bands re¯ect the disturbance wavē ow at the lower part of the tube and liquid ®lm at the upper part of the tube, respectively.
RESULTS
Flow Regimes
Visual observations
As some new waves were created, others disappeared. This process occurred either because faster waves caught slower waves and engulfed them or occasionally by waves appearing to die spontaneously (apparently when the amplitude of disturbance wave became too large). In Figure 4 one can distinguish the regions of disturbance wave without air-water clusters and the air-water clusters that occupied signi®cant cross-section area.
Cluster velocity
The main characteristics of the gas-liquid¯ow are intermittent and irregular. Parameters of air-water clusters, such as speed, i.e, a propagation velocity of the air-water clusters and frequency of their appearance, affect the¯ow regimes and heat transfer. Due to the unsteady character of such a¯ow, these parameters are described in statistical terms for each air-water regime. Qualitative behavior of airwater clusters showed that within a certain distance they propagated with little change of shape. Such behavior permits calculations of the cluster velocity U c from visual observations. In Figure 5 typical histograms of cluster velocities distribution are plotted at super®cial air velocity U GS = 24 ms ± 1 . The super®cial liquid velocities were U LS = 0.016 and U LS = 0.16 m s ± 1 , for the results shown in Figure 5a and Figure 5b , respectively. When U GS is constant, an increase in U LS causes increase in averaged value of cluster velocity U c . Figure 5a and Figure 5b are obtained at the same super®cial gas velocity. For a wider range of U GS and super®cial liquid velocities used in the present study the ratio of U GS / U LS should be taken into account. Figure 6 shows the dependence of velocities of airwater clusters on the gas Reynolds number. The experimental results of Jurman et al. 9 are also shown in this ®gure for comparison. The data of this study agree well with the results reported by Jurman et al. 9 , for U LS = 0.016±0.045 m s ± 1 (the solid line in Figure 6 ). But for U LS = 0.16 m s ± 1 the values of cluster velocity U c are higher than those obtained for lower super®cial velocities. It means that Re G cannot be used alone to predict the behavior of the speed velocity U c in the wide range of gas-¯ow rates. Figure 7 presents the relative velocity of air-water clusters U C /U LS versus the ratio of U GS /U LS . That the ratio of cluster velocity to super®cial liquid velocity U C /U LS is almost independent of the value U GS /U LS , in the range of U G /U LS < 600. In the range U G /U LS >600 this ratio increases with an increase in U GS /U LS , due to either a decrease in U LS or due to increase in U GS , i.e. gas Reynolds number Re G . Results for solitary waves on vertical falling ®lms (Chang 12 , Nakoryakov et al. 13 ), indicate that as Re G increases, the cluster velocity will increase too. The same tendency was observed for air-water clusters in the present study. Figure 8 shows typical histograms, of the time-interval between air-water clusters. The super®cial gas velocity was U GS = 24 m s ± 1 and the super®cial liquid velocities were U LS = 0.016 m s ± 1 (Figure 8a) , and U LS = 0.16 m s ± 1 (Figure 8b ). When the U LS decreases, the ®lm thickness also decreases and¯ow appears with essentially no periodic air-water clusters (Figure 8a ). These results agree with visual observations by Jurman et al.
9
. If the liquid¯ow rate increases (and consequently Re G is held constant) the clusters observed are more uniform (Figure 8b the height of the clusters was nearly equal to the inner pipe diameter and could not increase with increasing super®cial liquid velocity U LS .
Flow pattern
It is instructive to consider the interrelation of these data to those previously published. Many studies were performed in gas-liquid two-phase¯ow at moderate gas velocities (U GS # 5 m s ± 1 ). Under these conditions the liquid lumps, such as liquid slugs, huge waves, and disturbance waves were observed by Hewitt and Hall-Taylor . In experiments performed by Azzopardi and Zaidi 8 the super®cial gas velocity was in the range of U GS = 15±30 m s ± 1 . An examination of¯ow pattern maps performed by those authors of this study showed that most of the data were from the strati®ed-atomization¯ow pattern. Figure 9 shows comparison of¯ow regimes of the present study to those reported by Azzopardi and Zaidi 8 . The increase in super®cial gas velocity signi®cantly affects¯ow regimes.
The investigations carried out by Taitel and Dukler 14 and Kokal and Stanislav 15 have showed that the¯ow regimes are very sensitive to the inclination angle. The major effect of inclination was observed for the transition from strati®ed to the annular¯ow. For the horizontal pipe, even a small deviation could signi®cantly affect the location of this transition. Upward inclinations cause the liquid to move slower with higher liquid holdups and prevent strati®cation.
The effect of pipe diameter on different types of transitions was studied by Taitel . The general opinion is that the strati®ed¯ow region expands with the pipe size.
The following¯ow regimes were observed in the present study: open annular¯ow with disturbance waves, small air-water clusters and motionless droplets, (1); open annular with air-water clusters and moving droplets (2); closed annular with huge air-water clusters and liquid ®lm on the upper tube part (3); closed annular with huge airwater clusters, that often block the tube crossection (4) (see Figure 9 ).
Heat Transfer Coef®cients
Primary attention was paid to evaluation of the heat transfer coef®cient and to comparison of the results with ow parameters de®ned for an isothermal¯ow. The experiments were performed with a two-component system in which heat is transferred without phase change of the liquid, at low values of heat¯ux. For each super®cial gas and liquid velocity, the heat¯ux was chosen to keep the temperature difference between the wall and the¯uid less than 20 K. For this reason experiments were performed in the range of super®cial gas velocity U GS = 24 to 40 m s . The¯ow at low liquid¯ow rate, and with motionless or slowly moving droplets on the upper part of the tube, and the resulting comparatively low heat transfer coef®cients in this region, can be expected to yield large circumferential wall temperature differences at high values of heat¯uxes. This problem could be attributed to so called dryout phenomenon.
DRYOUT IN THIN LIQUID FILM FLOWS HIGHLY SHEARED BY A GAS
A characteristic common to all annular¯ows is the wavy gas-liquid interface. Waves exert a signi®cant in¯uence on the¯ow ®elds of both liquid and gas by causing¯uctuations in the wall shear stress and consequently on the heat transfer. They also affect the rate of atomization from the ®lm.
In Figure 11 the ratio of the two-phase heat transfer coef®cient to that for single phase gas a av /a G is plotted versus the ratio U GS /U LS , where a av is space (along the pipe perimeter) and time averaged heat transfer coef®cient, a G is the heat transfer coef®cient for clear gas¯ow at the super®cial gas velocity U GS . The heat transfer coef®cient a G is calculated using the equation (Kays 11 ):
(4) Figure 11 shows that ratio a av /a G sharply decreases with increase of the value U GS /U LS till U GS /U LS about 600. Afterwards, the ratio a av /a G does not decrease signi®cantly with increasing U GS /U LS . In the present study, when U GS / U LS $ 600, the regimes with disturbance bubbles, air-water clusters and drops on the upper pipe part were observed. Figure 11 indicates an effect of atomization on average heat transfer coef®cient. In the region, where a av /a G does not depend signi®cantly of U GS /U LS it can be expected that the rate of atomization does not affect heat transfer. These values of a av /a G may be associated with dryout in open annular¯ow. Figure 11 shows that under dry-out in such¯ows the heat transfer coef®cient is still high (at least it is 10±15 times higher than that for single-phase gas ow).
CONCLUSIONS
A high speed video recording and an infrared technique were used to study¯ow regimes and heat transfer in an 88 inclined tube of inner diameter 25 mm. The following¯ow regimes, depending on the super®cial liquid and gas velocities, were observed: open annular¯ow with disturbance waves; small air-water clusters and motionless droplets; open annular with air-water clusters and moving droplets; closed annular with huge air-water clusters and liquid ®lm on the upper tube part; closed annular with huge air-water clusters, that block the tube crossection. The ratio of cluster velocity to super®cial liquid velocity U C /U LS is independent of the value U GS /U LS , in the range of U GS /U LS <600. In the range U GS /U LS > 600 this ratio increases with an increase in U GS /U LS . In the range of super®cial liquid velocities 0.016<U LS <0.045 the dependence of the cluster velocities on the gas Reynolds number agrees quite well with data reported by Jurman et al. 9 The circumferential distribution of the heat transfer coef®cients on the pipe wall varies signi®cantly in thē ow regimes studied. The heat transfer coef®cient at v = 1808 is more than twice higher than that at v = 08 , even in the case when dryout is not observed.
Considering the¯ow regimes and the heat transfer coef®cient behavior jointly provides insight on a very important problem of onset of dryout. The connection of ow parameter U GS /U LS to heat transfer parameter a av /a G allows to conclude that at U GS /U LS > 600 the dryout phenomenon takes place. Under these conditions the magnitude of the heat transfer coef®cient is still high (at least 10±15 times higher than that for single-phase gas¯ow). 
NOMENCLATURE
